An increase in the concentration of the cytokine, interleukin-1␤, induced by age or stress, markedly affects one form of synaptic plasticity, long-term potentiation in the dentate gyrus.
Direct evidence for a central action of the proinflammatory cytokine, interleukin-1␤ (IL-1␤), has accumulated in the past decade, with the earliest evidence demonstrating a cytokine-induced modulation of hypothalamic function. 1 However a good deal of data now suggests that IL-1 exerts effects more globally, for example increased cytokine expression in different brain areas has been correlated with neurodegenerative disorders like Down syndrome, Alzheimer's disease 2 and Parkinson's disease, 3 while significant effects have been described in experimental models; for example, a role for IL-1␤ has been described in ischemia 1 and it has been shown that IL-1␤ inhibits long-term potentiation (LTP) in the hippocampus. 4 LTP is a remarkable form of plasticity, which describes a long-lasting increase in synaptic efficacy following a brief train of high-frequency stimulation. The persistent response which is confined only to those synapses which were tetanized, together with the properties of associativity and cooperativity, have led to the proposal that the mechanisms underlying this form of synaptic plasticity may be similar to, or the same as, those which are necessary for learning or for memory formation. 5 Since its original description 25 years ago, LTP has remained the most-studied form of synaptic plasticity and is generally considered to be an appropriate animal model for learning and/or memory. However, while the cellular events leading to induction of LTP are well understood, the mechanisms underlying expression of LTP remain to be elucidated and it is perhaps for this reason, that the underlying cause of the age-related and stress-related impairments in LTP have not been identified.
The first reports of an age-related impairment in synaptic plasticity, and in particular LTP, indicated that the accompanying neuronal loss in the hippocampus was associated with an age-related increase in secretion of corticosteroids, 6 effectively describing a link between stress-induced and age-related impairments, since both were correlated with increased Correspondence: MA Lynch, Department of Physiology, Trinity College, Dublin 2, Ireland. E-mail: physiolȰwail.tcd.ie plasma levels of corticosterone. A link between agerelated deficits and oxidative damage has also been recognized, and one particular consequence of oxidative damage, a decrease in membrane fluidity, has been identified as exerting significant effects on cell signalling, particularly in the central nervous system. 7 The finding that decreased membrane fatty acids concentrations and evidence of oxidative damage were readily observed in the aged brain 8 was therefore not surprising, and it is of significant interest that there is evidence of oxidative damage in Alzheimer's disease. 9 It is also of significance: (a) that there is a correlation between decreased membrane arachidonic acid concentration in hippocampus and an impairment in LTP; 10 and (b) that dietary supplementation with arachidonic acid and its precursor, ␥-linolenic acid restored membrane arachidonic acid concentration in hippocampus prepared from aged rats to levels observed in young rats and, in parallel, reversed the age-related deficit in LTP. 11 We have recently proposed that an increase in the concentration of IL-1␤ in the hippocampus might be a common factor in age-related and stress-related deficits in LTP 4 and that it may underlie the age-related decrease in membrane arachidonic acid concentration. We analysed lipid peroxidation and arachidonic acid concentration in hippocampal tissue prepared from young and aged rats and the data revealed that there was an age-related increase in reactive oxygen species production coupled with increased lipid peroxidation and decreased membrane arachidonic acid concentration. Further analysis indicated that these changes were coupled with an increase in the concentration of IL-1␤, while in vitro evidence indicated that IL-1␤ induced lipid peroxidation. 12 These observations together with the finding that IL-1␤ exerted an inhibitory effect on LTP, 4 led to the hypothesis that IL-1␤ may also play a role in age-related impairments in LTP. To test this hypothesis, LTP was assessed in three experimental conditions; in aged (22-month-old) rats, which were compared with young (4-month-old) rats, in rats which were housed in isolation for 4 days to induce a mild stress, which were compared with group-housed rats, and in IL-1␤-pretreated rats com- pared with saline-pretreated rats. The findings demonstrated that LTP was impaired in aged rats, stressed rats and IL-1␤-pretreated rats, while no impairment was observed in the corresponding control groups (see Figure 1) . Analysis of tissue prepared from dentate gyrus at the end of the experimental period indicated that IL-1␤ concentration was significantly enhanced in those rats in which LTP was impaired (Figure 1 ), supporting the hypothesis that increased concentrations of the cytokine were a feature of aging and stress and had the ability to exert an inhibitory effect on at least one form of synaptic plasticity. Further analysis indicated that these changes in cytokine concentrations were accompanied by increased reactive oxygen species production and lipid peroxidation, coupled with a decrease in membrane arachidonic acid concentration. 4 Regression analysis indicated a significant positive correlation between IL-1␤ and lipid peroxidation and a significant inverse correlation between lipid peroxidation and membrane arachidonic acid concentration, suggesting that IL-1␤ may induce lipid peroxidation and that lipid peroxidation induces the decrease in membrane arachidonic acid concentration (Figure 2 ). This evidence suggests that increased IL-1␤ concentration may underlie the impairment in LTP in stressed and aged rats. IL-1␤ may also be responsible for the increased circulating corticosteroid levels observed in both conditions since it has been shown that IL-1␤ stimulates secretion of corticotrophin releasing factor from the hypothalamus. 13 Thus we propose that an increase in hippocampal concentration of IL-1␤ is a common denominator which might explain free radical changes, membrane changes and glucocorticoid changes in aging and stress.
One possible trigger leading to increased IL-1␤ may be oxidative stress in hippocampus as in other cell types, 14 since increased reactive oxygen species production and compromised antioxidant defence have been identified as features of the hippocampus in aged rats. 8, 11 We argued that if this hypothesis were to be acceptable then preventing the age-related change in reactive oxygen species production, or reversing the age-related compromise in antioxidant defences, might reverse the age-related increase in IL-1␤, and thence the age-related impairment in LTP. Therefore aged and young rats were fed on a control diet or a diet supplemented with vitamins E and C for 3 months and, at the end of this period assessed for their ability to sustain LTP, while hippocampal tissue was analysed for IL-1␤ concentration. The results revealed that dietary manipulation reversed the age-related impairment in LTP. The data also showed that the age-related increase in IL-1␤ was attenuated in aged rats fed on the experimental diet. 15 These data provide further strong evidence that increased IL-1␤ in hippocampal tissue was coupled with impaired LTP; the further observations that dietary manipulation restored lipid peroxidation and membrane arachidonic acid concentrations to levels similar to those observed in hippocampal tissue prepared from young rats provide compelling evidence for the hypothesis that the age-related impairment in LTP arises from increased reactive oxygen species accumulation, increased IL-1␤ concentration and decreased membrane arachidonic acid concentration (Figure 3) .
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